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IntroductIon
Extreme volatility of seed production in forests coupled with recruitment limitation suggests that reproductive trade-offs contribute to forest diversity (Stearns 1989 , Rees et al. 2001 , Kneitel and Chase 2004 . Differences in reproductive output among trees through time and across environments may depend on resource availability and acquisition (Cody 1966 ). These differences could affect the outcome of competition. Classical allocation theory holds that reproductive output should reduce allocation to other pools such as growth (Harper 1977 , Obeso 2002 , leading trees to partition limited resources to either growth or reproduction in a given year (hereafter, referred to as allocation switching). Such a trade-off could be particularly strong for individuals in stressful environments or during times of below average resource availability (Bell and Koufopanou 1986) . Another possibility is that fluctuations in both reproduction and growth through time follow favorable environmental conditions (van Noordwijk and de Jong 1986, Monks and Kelly 2006) such that both vital rates can be high in good years or sites (hereafter, resource tracking). Observational and experimental studies find evidence for both predictions, showing allocation trade-offs due to resource limitation (Woodward et al. 1994 , Obeso 2002 , Hirayama et al. 2008 Abstract. Variation in tree reproduction can alter forest community dynamics, especially if reproductive output is costly for other functions like growth. However, empirical studies reach conflicting conclusions about the constraints on reproductive allocation relative to growth and how they vary through time, across species, and between environments. Here, we test the hypothesis that a critical resource, canopy exposure to light availability, limits reproductive allocation by comparing long-term relationships between reproduction and growth for trees from 21 species in forests throughout the Southeastern United States. We found that species have divergent responses to light availability, with shade-intolerant species experiencing an alleviation of trade-offs at high light-and shade-tolerant species showing no changes in reproductive output across light environments. Correlations between temporal variation in individual growth and reproduction were weak and generally insensitive to canopy exposure, but changed when considering time lags. The diversity of responses across species indicates that reproductive allocation for trees in these forests is strongly influenced by both species' life history and environmental heterogeneity in space and time.
v www.esajournals.org BERDANIER AND CLARK Barringer et al. 2013 , Delerue et al. 2013 or not (Willson 1986 , Fox and Stevens 1991 , Cremer 1992 , Knops et al. 2007 , Żywiec and Zielonka 2013 . This study demonstrates that trees from multiple species in temperate forests exhibit divergent reproductive allocation patterns across light environments that are consistent with species life-history characteristics.
Disagreements between previous studies could result from lack of data that permits comparisons across sites and through time, since high reproductive output in one year may incur a cost on future growth or reproduction (Stearns 1992 , Sala et al. 2012 ) and environmental differences among sites could lead to allocation costs for only some individuals within a population (Santos-del-Blanco et al. 2013, Żywiec and Zielonka 2013) . van Noordwijk and de Jong (1986) proposed a model for reproductive allocation based on resource availability that predicts individuals with more resources on average to have greater growth and reproduction than those with fewer resources, creating a positive relationship across individuals despite negative correlations within individuals through time. In this example, trees show strict allocation to either growth or reproduction at a given resource level ( Fig. 1, dotted lines) . Across trees, a straight line with intercept zero would indicate no changes in reproductive allocation ( Fig. 1, dashed line) . This model is analogous to Simpson's paradox, where the sign of a relationship can change depending on the grouping of the data, and provides a framework for understanding allocation responses across environments. If a resource constrains reproductive allocation relative to growth, then a tree with greater resource availability will have greater reproductive allocation on average ( Fig. 1 , solid line; Reekie and Bazzaz 1987) . Additionally, the correlation between growth and reproduction through time would be more negative with less resource availability if reproductive costs in the low resource environment lead to allocation switching through time ( Fig. 1, ellipses) . Assessing these ideas requires many years of observations on many trees across environmental conditions. Canopy exposure through gap formation is an important differentiating factor for tree competition in temperate forests (Brokaw 1982 , Rees et al. 2001 ). The reduction in competition above-and below-ground from gap formation (Canham et al. 1990, Wilczynski and Pickett 1993) can enhance tree growth for previously suppressed individuals (Canham 1988, Pedersen and Howard 2004) . For reproductive trees, canopy exposure could also reduce allocation constraints. Following the theory of allocation ( Fig. 1) , if light availability influences trends in tree growth and reproduction, then we expect canopy exposure and the accompanying access to light to (1) increase the correlation between growth and reproductive output within individuals through time and (2) increase reproductive allocation relative to growth across individuals. These patterns could differ among species depending on life-history characteristics; access to critical resources like light may alleviate allocation trade-offs for some species more than others, with shade-intolerant species potentially showing greater reproductive allocation with canopy exposure than shade-tolerant species Fig. 1 . Theoretical model for the influence of changing resource levels on relative reproductive allocation (α, in text) and the correlation between growth and reproduction (r). Dashed line represents an axis of constant reproductive allocation and dotted lines represent axes of constant resource availability. If low resources limit reproductive allocation, then trees that are exposed to higher resource levels should have an increase in relative reproductive allocation (solid arrow). v www.esajournals.org BERDANIER AND CLARK (Clark et al. 2011 ). Long-term, community-wide observations of individual growth and reproductive output provide a unique opportunity to examine tree reproductive allocation across years and its association with canopy exposure.
We use data collected over 20 yr from 11 temperate forests in three regions of the Southeastern United States to ask, "How do differences in canopy exposure influence allocation to growth and reproduction in individual trees across species?" First, we examine temporal reproductive allocation trends across 21 species with individual cross-correlations between biomass growth and reproductive output. We compare the strength of the relationship between growth and reproduction through time and across light environments. Second, we take advantage of experimental and natural variation in canopy exposure to consider how differences in light availability affect reproductive allocation. We test the hypothesis that light availability alleviates reproductive allocation trade-offs based on the expectation that canopy exposure will increase the ratio of reproductive output to biomass growth. We consider the differences among species in these allocation patterns and the implications of those differences in forest community dynamics.
MaterIals and Methods

Data
Individual tree observations come from longterm demographic monitoring plots at sites that span moisture and elevation gradients in the southern Appalachians (Coweeta Hydrologic Laboratory, Macon County), the Piedmont Plateau (Blackwood Division, Chapel Hill), and the transition between them (Mars Hill, Madison County), of North Carolina. The sites include a range of climates, parent material, and soil moisture. Plots were first established between 1992 and 2004 and include experimental canopy gap manipulation of areas between 20 and 40 m diameter to generate variation in light availability and canopy status across trees (Dietze and Clark 2008) .
Data on individual tree growth (Clark et al. 2007 ), survival Clark 2002, Metcalf et al. 2009 ), canopy exposure to light (Wyckoff and Clark 2005) , and maturation and fecundity (Clark et al. 2004) were collected from each plot over a period of 8-20 yr. Each tree has a unique observation history tracing its particular growth and reproduction through time. Briefly, a complete census of trees in each plot was conducted at 2-4 yr intervals. Increment cores from a sample of trees were also extracted from each plot, providing annual size information for growth estimates. For reproduction, seeds were collected from mapped seed traps in each stand 3-12 times annually. Individual seed production estimates depended on size, reproductive status, and distance to traps in a spatially explicit dispersal model. Annual states for diameter increment and fecundity were inferred with a Bayesian statespace model that included all observations (including increment cores, diameter censuses, and seed collections) and multiple sources of error (process, parameter, and observation) for each species, as described in Clark et al. (2010) . Annual individual estimates of growth and fecundity were independent of each other. Further details on field methods, models, and diagnostics, including individual estimates of uncertainty, are detailed in Clark et al. (2010) .
We analyzed species that had more than 10 individuals with both exposed (high light) and suppressed (low light) canopies and only included individuals that produced seeds for at least 3 yr during the observation period. The resulting data set included 8178 trees from 21 species (Table 1) . Individual biomass growth and reproductive output were calculated based on annual diameter increment and seed production estimates with allometric coefficients (for size scaling, wood density, and seed weight). Species-specific allometric equations were used to estimate biomass components (Jenkins et al. 2004, J. Clark unpublished data) . These calculations resulted in data for annual growth rates and reproductive outputs on comparable scales (kg biomass growth or reproductive output per year) for each individual. For comparison across environments, we aggregated individuals at the two levels of canopy exposure based on ordinal observations of the canopy status (suppressed or exposed) for each individual (Clark et al. 2011 ). On average, the low-light trees included in this study were 66% smaller in diameter than the high-light trees and had 17% more surrounding basal area within 400 m 2 , although the distributions for both variables overlapped broadly. v www.esajournals.org
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Temporal correlation comparisons
For each species, we examined the relationship between individual growth rate and reproductive output with temporal correlations. We calculated the lagged correlation between growth and reproduction for each individual 3 years preceding and following growth (including the current year, or "zero lag") with a cross-correlation function (ccf in R version 3.1.0, R Foundation for Statistical Computing, Vienna, Austria). We included lagged correlations to account for offsets in the timing of the costs of growth and reproduction. We detrended each individual growth and reproduction time-series with a linear regression by regressing each variable on year and keeping the residuals so that long-term size-related changes in growth and reproduction would not obscure the year-to-year relationships (Hulshof et al. 2012) . Thus, the correlations are for residual anomalies from the individual long-term trend, providing an index of relative interannual variation. This resulted in lagged correlations between relative biomass growth and reproductive output for each individual. These correlations represent a signal of the relative allocation to reproduction for that individual at different times. When this signal was negative, relatively high reproduction in a given year coincided with relatively low growth, and when it was positive, relative growth and reproduction were simultaneously high. At a negative lag (growth preceding reproduction), a negative correlation coefficient indicated that high growth was followed by low reproduction. We calculated the average correlations for each species through time in high-and low-light environments. We used these correlations as a simple indicator of the average strength of the relationship between variation in growth and reproduction across trees and compared the average values between canopy exposure levels. Because of large variation in environmental conditions across trees and plots that introduce additional variation, relatively low average correla tion values can still be meaningful, so we highlighted populations with correlation coefficients more extreme than ±10% on average as cases where trees showed patterns of resource tracking or allocation switching at a given time lag. 
Spatial light availability comparisons
Then, we examined shifts in average reproductive allocation between individuals from low-to high-light environments within species. We calculated the average reproductive allocation for each individual (i) as the log ratio of the average reproductive output and average annual growth rate (α i = ln(r i ∕ḡ i )). This measure of reproductive allocation is independent of tree size. We used average rates for each individual, which marginalized over the known variation within individuals through time, to examine the influence of differences in light availability. We tested the difference in reproductive allocation between high-and low-light environments (α high − α low ) for each species with Welch's two sample t-test, where we compared individual reproductive allocation between the two environments and adjusted confidence intervals to account for multiple comparisons across species (Holm 1979) . Here, when the difference was positive, reproductive allocation was greater in high light than in low-light environments. We compared this sensitivity of reproductive allocation to canopy light exposure with a species shade tolerance index (Table 1 ). This index raked species based on observations of growth and occurrence at different light levels (Niinemets and Valladares 2006) .
results
Across and within species, the relationships between the temporal variation in reproductive output and growth were variable, ranging from co-variation to apparent switching, but were generally low (Fig. 2, outlined section) . Light availability was only weakly related to the strength of the zero-lag growth and reproduction correlation within species and was often in the opposite direction of our expectation, with some species (e.g., Acer pensylvanicum, Fagus grandifolia, Pinus taeda) showing a decrease in the coincidence of growth and reproduction (more negative correlation) with high light. For many species, these patterns changed when considering temporal lags. For example, P. taeda had a strongly positive Fig. 2 . Cross-correlations between temporal variation in reproduction and growth for each species in high (H) and low (L) light environments. Correlations at zero time lag are outlined. Values that were more extreme than ±10% are highlighted with text. Species codes match Table 1 .
v www.esajournals.org BERDANIER AND CLARK zero-lag correlation (0.17 across all trees on average), but showed strongly negative correlations with growth preceding reproduction by 1-3 yr (Fig. 2) ; while reproduction and growth tended to be high in the same year for P. taeda, reproductive output was depressed in the years following high growth. Conversely, A. pensylvanicum had a negative zero-lag correlation (−0.11 on average), but positive correlations in years preceding and following growth (Fig. 2) , which could occur with strong interannual switching between reproduction and growth. Fagus grandifolia and Fraxinus americana also showed positive correlations between current growth and future reproduction, a sign of reproductive investment.
Average reproductive output increased with average growth rate and light availability across trees, as expected, although there were differences among species in their reproductive allocation (Fig. 3a) . On average, species showed slightly less relative reproductive allocation in high light than in low light (i.e., a negative difference in reproductive allocation), although there was no statistical difference in reproductive allocation between high and low light for many of Fig. 3. (a) Average annual reproductive allocation across light environments for each species and (b) the difference in reproductive allocation (α, in text) between high and low light (mean ± 99.8% CI for each species). In (a), points are centered on the average species value and arrows point from low-to high-light environments. In (b), the change in reproductive allocation is the slope of the arrows shown in panel (a) . Positive values indicate that reproductive allocation was higher in high light than in low light. Species with asterisks had responses that were statistically different from zero. v www.esajournals.org BERDANIER AND CLARK the species tested (Fig. 3b ). Three species (Bet ula lenta, Acer rubrum, and Nyssa sylvatica) had much less reproductive allocation in high light than in low light, often corresponding with little change in reproductive output (Fig. 3a) . One species (Liquidambar styracifula) had much greater reproductive allocation in high light than in low-light environments. Across all species, the average difference in reproductive allocation between high-and low-light environments was negatively correlated with the species' shade tolerance index (r = −0.41), where species that were characterized as more shade tolerant had lower reproductive allocation in high light and species that were less shade tolerant had higher reproductive allocation in high light than in low light.
dIscussIon
Tree species exhibit a remarkable diversity of reproductive allocation strategies; patterns of allocation are variable between trees, sites, and years (Morris 1951 , Eis et al. 1965 , Kozlowski 1971 , Gross 1972 , Harper 1977 , Norton and Kelly 1988 , Silvertown and Dodd 1999 , Obeso 2002 . In this study, we examined long-term, wholecommunity patterns in reproductive allocation across tree species and light environments. We tested the hypothesis that reproductive allocation costs for trees are reduced with canopy exposure to light. We found that changes in reproductive allocation with increased canopy exposure depended on shade tolerance across species.
The average temporal correlations between growth and reproduction were weak, generally insensitive to light availability, and depended on the time lag that we examined (Fig. 2) . Some species showed less negative correlations with high light availability at zero lag, which could indicate stronger resource tracking in the low-light environment (Despland and Houle 1997) , although the results were mixed. Weak average correlations emphasize differences in environmental conditions that trees with the same canopy status experience in the field. For example, trees with exposed canopies may have less competition for resources like moisture, but may also experience greater moisture stress from increased atmospheric demand (Gray et al. 2002) . The confounding influence of multiple changing resources may obscure our ability to detect allocation costs with correlations if tree responses to resource availability vary widely through time (shifts in dotted lines in Fig. 1 ). Lagged correlations could be the result of differences in the timing of reproductive investment (Stearns 1992) or a consequence of environmental variation that affects growth and reproduction independently (Knops et al. 2007) . In one example, the positive zero-lag correlation in P. taeda would suggest that this species tracks variation in environmental conditions such as moisture availability, especially in low-light environments (Way et al. 2010 ). However, investment in reproductive output for this species was led by apparent growth costs in preceding years (Fig. 2) , possibly because cone maturation can take up to 2 years. Future work could focus on enhancing estimates of resource storage pools and the timing of assimilation that is ultimately allocated to growth or reproduction (e.g., Sala et al. 2012 , Hoch et al. 2013 .
Changes in reproductive allocation between canopy exposure levels differed among species (Fig. 3) and were predictable with an index of shade tolerance. Specifically, the species with greater reproductive allocation in high light than in low light (L. styracifula) was the most shade intolerant among those included (Table 1) , consistent with observations of reduced reproductive allocation with low light in other shade-intolerant species (Delerue et al. 2013 ). Conversely, the species with less relative reproductive allocation in high light (and no changes in reproductive output) tended to be shade tolerant (e.g., A. rubrum, N. sylvatica). A. pensylvanicum, a very shade-tolerant species, showed no detectable change in reproductive allocation (Fig. 3b ) or in the temporal growthreproduction correlations between low and high light (Fig. 2) despite negative correlations between growth and reproduction at zero lag. Species like A. pensylvanicum with no changes in reproductive allocation with light ( Fig. 3b ), but average negative correlations through time (Fig. 2) may have an intrinsic reproductive allocation that co-varies with growth regardless of light availability.
Coordination between growth and reproduction is a foundational concept in physiological and evolutionary ecology (Obeso 2002) , but the responses of their joint distribution to changes in resource availability are complex, especially for long-lived trees (Clark et al. 2014) . Thus, while studies on light availability have found that trees v www.esajournals.org BERDANIER AND CLARK of similar sizes in resource-rich environments can have higher reproductive output than those with less light (Debain et al. 2003, Jennings and Baima 2005) , can show increased biomass growth rates (Pedersen and Howard 2004, Wyckoff and Clark 2005) , and can exhibit increased reproduction relative to growth (Reekie and Bazzaz 1987) , our results suggest that canopy exposure does not consistently modify reproductive allocation patterns across tree species. Shade-intolerant species may experience alleviation of allocation trade-offs with greater access to light while shade-tolerant species may be able to maintain reproductive output despite growth costs in lowlight environments. These findings do not conflict with the concept of reproductive allocation trade-offs. Instead, they highlight the spatiotemporal ecological context in which trade-offs occur and emphasize the differences among species that often do not match a simple pattern of reproductive costs with light limitation (Fig. 1) .
Our observations of divergent allocation responses to light availability can help explain why some species are able to take advantage of gap creation while others are not. Given that regeneration in temperate forests is frequently limited by seed availability (Clark et al. 1998 ), these differences have implications for the dynamics of tree populations and their responses to changing environments (Cole 1954 , Franklin et al. 2012 ). The alleviation of reproductive costs with canopy exposure for shade-intolerant species could enhance recruitment for those species following disturbance. Conversely, the maintenance of reproductive output despite canopy suppression for shade-tolerant species further promotes their ability to persist in understory environments. These responses are overlaid with differences among species in the timing of reproductive investment relative to growth, which creates additional diversity in reproductive output with changing environmental conditions and expands opportunities for differential success in forest ecosystems.
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